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ANAIYSIS OF A NUCLEAR-POWERED LIQUID-METAL DUCTED-FAN CYCLE ‘-U-‘

By F. E. Rom and W. W. Wachtl

SUMMARY

An analysis of a nuclear-powered liquid-metal ducted-fan cycle is
presented for a range of engine operating conditions at flight Mach
numbers of 0.9 and 1.5 and at an altitude of 50,000 feet.

The compressor and fan pressure ratios, heat-exchanger inlet Mach
number, and duct-outlet temperature are optimized for given heat-
exchanger wall temperatures to give maximum thrust per engine-plus-
exchanger weight, which in turn results in minimum gross weight.

\

Airplane gross weight and reactor heat release are presented for
a range of the sum of reactor, shield, payload, and auxiliary weight,
and for typical values of airplane lift-drag ratio and structure-to-
gross weight ratios. For a heat-exchanger effective wall temperature
of 1800° R, sum of the shield, reactor, payload, and auxiliary weight
of 150,000 pounds, and structure-to-gross weight ratio of 0.35, the
airplane gross weight is 288,000 pounds for a flight Mach number of 0.9.
The reactor maximum wall temperature is 1858° R. For a flight Mach
number of 1.5, the airplane gross weight is 367,000 pounds and the
reactor maximum wall temperature is 2080° R for the same assumptions.
The effect of altitude on gross weight and reactor heat release is also
shown.

The required gross weight and reactor heat release for the ducted-
fan cycle is compared with that required for the turbojet cycle. The
gross weight for both cycles is approximately the same. The reactor
heat releases required for the ducted fan are about 10 and 20 percent
higher than for the turbojet cycle for flight Mach numbers of 0.9 and
1.5, respectively.

INTRODUCTION

A general study of nuclear-powered aircraft propulsion cycles is
being carried out at the NACA Lewis laboratory. Several reports giving
the results of previous studies have been issued. References 1 and 2
discuss the direct-air cycle while reference 3 1is a preliminary compari-
son of the direct-air, liquid-metal turboje 2pd _beliyp compressor-je
cycles. Reference 4 presents a detailed Ehad ¥ 2.8 ji e hbiiy ;
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turbojet cycle. The liquid-metal turbine-propeller cycle is analyzed
in reference 5. The present report extends these studies by considering
the nuclear-powered liquid-metal ducted-fan cycle.

The chemically fueled ducted-fan cycle is studied in reference 6 as
a dual-purpose power plant where the cycle showed high-speed design-point
Performance comparable with that of the turbojet but superior low-speed
off-design performance. According to these results, the ducted fan may
also have possibilities as a nuclear-powered high-performance engine with
good low-speed off-design characteristics. The analysis presented herein
considers the high-performance design-point nuclear-powered ducted-fan
cycle. In this cycle the shaft power output of a compressor-turbine
combination (defined herein as basic engine) powered with a nuclear heat
source is used to drive a ducted fan. The duct air is heated by the same
nuclear heat source.

Engine performance is ewphasized inasmuch as reference 4 indicated
that for fixed values of airplane lift-drag ratio, structure-to-gross-
welght ratio, and the sum of shield, reactor, payload, and auxiliary
weights, the maximum engine net thrust per pound of engine-plus-exchanger
weight gives the minimum-gross-weight airplane. However, the engine data
are presented in such a manner that the gross weight, reactor heat release,
and reactor wall temperature can readily be found.

The results are presented for flight Mach numbers of 0.9 to 1.5 at
an altitude of 50,000 feet. The effect of flight altitude on optimum
engine design-point airplane performance is also shown. The engine para-
meters considered are turbine-inlet temperature, basic-engine heat-
exchanger effective wall temperature, basic-engine compressor pressure
ratio, fan pressure ratio, duct heat-exchanger inlet Mach number, duct
heat-exchanger effective wall temperature, and duct-outlet air temperature.
The fan pressure ratio, basic-engine compressor pressure ratio, duct heat-
exchanger inlet Mach number, and duct-outlet air temperature are optimized
for maximum thrust per engine-plus-heat-exchanger weight for a range of
duct heat-exchanger effective wall temperatures. In general, a fixed value
is assumed for the basic-engine heat-exchanger inlet Mach number and for
the effective wall temperature. The effect of changing the basic-engine
heat-exchanger effective wall temperature is investigated by considering
the case where the basic-engine heat-exchanger effective wall temperature
is equal to the variable duct heat-exchanger effective wall temperatures.

The liquid-metal ducted-fan cycle is compared with the liquid-metal
turbojet cycle for compatible assumptions to show the relative design-
point performances of the two cycles.

Rty
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SYMBOLS

The following symbols are used in this report:

A area, sq ft

Cy velocity coefficient

cp specific heat at constant pressure, Btu/(1b)-(°F)
D drag, 1b

d hydraulic diameter, ft

F thrust, 1b

£ free flow factor (flow area divided by total area)
g acceleration of gravity, 32.2 ft/se‘c2

h enthalpy, Btu/lb
_J mechanical equivalent of heat, 778‘ft-lb/Btu

k thermal conductivity, (Btu)(ft)/(sec)(sq £t)(°F)
L Anlidiney alje

) length, ft

M Mach number

P total pressure, 1b/sq ft

D static pressure, 1b/sq ft

Q reactor heat release, Btu/sec

T total temperature, °R

15 static temperature, °r

U over-all heat transfer coefficient, Btu/(sec)(sq £t)(OF)
v velocity, ft/sec

W weight, 1b

W air flow, lb/sec




“a

4

T ratio of specific heats

Ah enthalpy change, Btu/lb

ATy difference between local reactor wall and local coolant
temperature, °R

AT, difference between basic-engine heat-exchanger effective wall
and maximum coolant temperature, °OF

s} ratio of total pressure to NACA standard sea level pressure

6 ratio of total temperature to NACA standard sea level temperature

P density, 1b/cu ft

Subscripts

total air flow

c compressor

d duct

e basic engine

F frontal

£ fan

g gross

J Jet

K sum of reactor, shield, payload, and auxiliary

1 liquid

m reactor maximum wall

N nacelle

n net (jet minus inlet momentum )

r reactor

structure

LLGZ
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Ik sum of compressor, turbine, shell, fan, basic-engine heat
exchanger, and duct heat exchanger

t turbine

W basic-engine heat-exchanger effective wall
w' duct heat-exchanger effective wall
X heat exchanger

0 free stream

i fan inlet

2 fan outlet or compressor inlet

o duct heat-exchanger inlet

3 compressor outlet

3! duct heat-exchanger outlet

4 turbine inlet

5 turbine outlet

DESCRIPTION OF CYCLE

The liquid-metal ducted-fan cycle is shown schematically in
figure 1. The engine consists of a compressor-turbine combination
(referred to as the basic engine) which drives a ducted low-pressure-
ratio compressor (fan). The air leaving the fan is divided between the
basic engine and the duct portion of the cycle so as to utilize completely
the shaft power of the basic engine. Lithium is used to tranport the
heat from the reactor to the basic-engine and duct heat exchangers. The
propulsive thrust is supplied by the exhaust jets issuing from the nozzle
of both the basic engine and the duct. The stations used in the analysis
of the cycle are also shown in figure 1.

ASSUMPTIONS

Engine component efficiencies. - The'engine component efficiencies
assumed for the analysis are as follows:

Compressor small-stage efficiency . . . . « ¢« ¢ ¢ « o« ¢« ¢ .« . . . 0.88
Fan small-stage efficiency « « « ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ cee o o « ¢« s = « 0.88
Turbine small-stage efficiency . . & o o 3 S5 g e aa o o gsEls

Exhaust-nozzle velocity coefficient (fuil expansion) St o wl e w ORET
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The inlet-diffuser total-pressure-recovery ratios Pl/Po, which are

the same as used in reference 4, are 0.965 and 0.950 at Mach numbers of
0.9 and 1.5, respectively.

Tail-pipe pressure ratio P5/po. - In computations of the shaft work
and Jet thrust of the basic engine, the basic-engine PS/pO is assumed

to be equal to the ram pressure ratio Pl/po. According to reference 7
this assumption gives close to the optimum division of power between the
jet and propeller for a turbine-propeller engine. Inasmuch as the ducted-
fan engine has a lower propulsive efficiency than the turbine-propeller
because of its lower air flow, the optimum Ps/po is expected to be

slightly higher than for the turbine-propeller. In reference 7, however,
it is shown that total thrust is not sensitive to Ps/po on either side

of the optimum for the turbine-propeller cycle. Preliminary calculations.
on the ducted-fan cycle indicated the same small effect.. Consequently the
assumption that PS/PO is equal to Pl/po is considered applicable to
the ducted fan. Both the duct and basic-engine exhaust jets are assumed

" to discharge to atmospheric static pressure.

Engine weight. - The weight of the ducted-fan engine exclusive of the

heat exchangers was calculated by adding the weights of the fan, compressor,

"~ shell, and turbine. The relations used to compute the component weights
are extrapolated from the best current values. The weights of the fan,
compressor, and turbine, including gears, shafting, and casing are assumed
to vary directly with the corresponding corrected inlet air flow of each
component (hence, inlet area) and directly with the logarithm of the
pressure ratio (hence, number of stages of equal weight) of each component.
The shell weight, consisting of the engine inlet, duct, and nozzle, is
based on a steel shell having a thickness of 0.05 inch. In the range

of fan pressure ratios considered, the 0.05-inch thickness is sufficiently
strong to withstand the pressure differentials to which it is exposed.
Additional assumptions made to facilitate calculation of the shell

weight are: (1) the diameter is constant for the entire engine length,

as determined by the sum of the heat-exchanger frontal areas; (2) the
length-to-diameter ratio is 4; and (3) the heat-exchanger free-flow

ratios are as assigned.

Heat exchanger. - The liquid-metal-to-air heat exchangers are
assumed to be of the tubular counterflow type with air flowing through
the tubes. The tubes are assumed to be of stainless steel with 0.25-inch
internal diameter, 0.0l-inch wall thickness, and the heat-exchanger free-
flow factor Aa/Af is 0.85. The weight of the heat exchanger includes
the shell, baffles, headers, and coolant which fills the space surrounding
the tubes.

The heét-exchangers are assumed to have constant effective wall
temperatures T, and T' in order to simplify heat-transfer calcu-

lations. The heat-exchanger length-to-diameter ratio Z/d and pressure

LLSZ .
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drop are computed from this assumption by means of the charts presented
in reference 4, which were obtained by the methods given in reference 8.

‘Reference 8 calculates pressure drbp by a step-by-step process which

takes into account simultaneous friction and momentum pressure drop.
No error in l/d and only a slight error in pressure drop results from
assuming a constant effective wall temperature.

.Reactor maximum wall temperature Tp. - The reactor maximum wall
temperature is calculated from the following assumptions:

1. The flow leaving the reactor is divided into two parallel
flows, one to each heat exchanger.

2. The power input along the reactor passage is constant.

3. The basic-engine heat-exchanger inlet liquid-metal temperature
is 50° F higher than Ty for a reactor heat release Q of 100,000

Btu per second %&nd this difference is directly proportional to the
reactor heat release.

4. The liquid-metal (lithium) velocity in the reactor is 15 feet
per second.

5. The reactor diameter and length are each 2.5 feet.
6. The reactor free-flow ratio is 0.35.
7. The hydraulic diameter of the reactor flow passages is 0.25 inch.

8. The heat generated by the reactor is only that required to power
the engines with no auxiliaries or heat losses.

Reactor, shield, payload, and auxiliary weights Wg. - A range of
values from 100,000 to 200,000 pounds is assumed for W, the sum of the

reactor, shield, payload, and auxiliary weight (pumps, piping, electrical
equipment, etc). ‘ :

Airplane assumptions. - The structure-to-gross-weight ratio WS/Wg
of the airplane is assumed to be 0.35 and 0.25. The airplane design
lift-drag ratio I/D for a submerged engine installation is assumed to
be 18 for a flight Mach number of 0.9 and 6 and 9 for a flight Mach
number of 1.5.

METHODS

‘It was shown in reference 4 that optimizing the engine net thrust
per engine-plus-exchanger weight Fn/WT is sufficient to determine the

airplane minimum gross weight for fixed values of L/D, WS/Wg, and Wg.
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In the present analysis, a similar optimization for maximum Fn/WT is
carried out.

Cycle Analysis

Range of variables. - The performance of the ducted-fan cycle with
a nuclear heat source is calculated at flight Mach numbers MO of 0.9

and 1.5 for an altitude of 50,000 feet. The fan pressure ratio Pz/Pl
is varied from 1.2 to 5.0 and the compressor pressure ratio Ps/Pz is
varied from 1.0 to 10.0. In general, T, is fixed at 2270° R and the
turbine-inlet temperature T4 is fixed at 2000° R. However, a special
case is considered where T, is set equal to TW' to find the effect
of lower-temperature operation; T' is varied from 1600 to 2200° R while
Tz' 1is varied from 1100 to 2000° R. The M,' is varied from 0.12 to
0.24 while the Mz is held constant at 0.15 based on the results of the

turbojet cycle of reference 4 which gave 0.15 as close to the optimum
value. In the course of the analysis it was found that a basic engine
with Mz = 0.12 gave slightly better engine performance. Therefore

this value was used for the case of reduced Ty;.

Calculation of net thrust per pound of air per second Fn/wa. -
The fan inlet total temperature Tj; and the total pressure P; are
determined for the assumed flight conditions and corresponding diffuser-
pressure-recovery ratio Pl/PO. The enthalpy of the air entering the
fan h; and the enthalpy rise through the fan Ahf and through the
compressor Ah. are determined from the thermodynamic-property tables
and methods presented in reference 9 for the assumed compression
efficiencies. The fan-outlet total temperature To and total pressure
Po, are the same as the duct heat-exchanger inlet temperature To' and
. pressure Py', respectively. Similarly, the compressor-outlet tempera-
ture Tz and pressure Pz are the same as the basic-engine heat-
exchanger inlet temperature and pressure. The heat-exchanger pressure
ratios Pz‘/PS' and PB/P4 can then be computed from the assumed inlet

Mach numbers, effective wall temperatures, and duct-outlet and turbine-
inlet temperature from the figures presented in reference 4.

The turbine pressure ratio can be found as follows (assuming that
P, = P.):
1L 5

By use of the thermodynamic-charts in reference 9, P4/P5, T4, h5, and
Ty can be found. The turbine enthalpy drop Aht is then determined.

- LLS2
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The work available to the fan wzAhe 1is equal to the turbine work
weAhy minus the compressor work weAh, as follows:

Wahhe = WoAhy - WeAh, (1)

The ratio of engine air flow to total air flow is then:

Ahe

= R g (2)

& | o

The basic-engine tail-pipe pressure ratio PS/PO’ which is equal
to Pl/PO’ and Tg give the basic-engine jet thrust per pound of total
air flow from the following equation:

Eel

F. 2Jc. T BN
w e g - P5

The duct tail-pipe pressure ratio is found as follows:

The duct jet thrust per pound of total air flow is then

T-1

. ! if
Ei = Cy EESEEé_ 7= EQT (5)

The over-all net thrust per pound of total air flow is

E 5 Y?. E‘l _E _Y.O_ (6)
Wy T\ W /e Wy t\¥ /3 W, g

Engine-plus-heat-exchanger weight. - The weights of the engine
components per pound of total air flow were found by use of the following
equations obtained from the assumptions listed in the assumptions section:

W b P
ey e 5. %—i log =2 (fan) (7)
1 Py
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W 4’9 P
e 2 )
v = 5.0 —5— log By (compressor) (8)
W Ve P
v 4 4 :
—= 1.1 5, log Pe (turbine) (9)

O O RO

The duct heat-exchanger weight per pound of duct air flow Wx,d/wd
is found by the following relation derived from the assumptions as in
reference 4:

Wx,d
_Wé_ =1.9 (A w)x,d (Z/d)x,d (11)
where Wy = W, - W, and (W/A)x’d is the air flow per unit area in the

tubes of the duct heat exchanger and is found from P2', TZ', and Mz'.
The duct heat exchanger l/d is found by the methods presented in
reference 4.

The basic-engine heat-exchanger weight per pound of basic-engine
air flow Wx,e/we is found similarly by:

W
s;e = 1.9 (A/W)y o (1/2)y o (12)

where (W/A)x,e is the air flow per unit area in the tubes of the basic

engine heat-exchanger as found from Pz, T3, and M3. The heat-exchanger

1/d is found by the wethods of reference 4.

The total engine-plus-heat-exchanger weight per pound of total air
flow Wp/wy from equations (7) to (12) is then:

Wi W W W W Ve (W W W
_T..____f__|._d'+_x_’q _'_]__.._q +‘._e _9_+_E+__X,_e (13)
Wg, Wg, Wy, w3 Wy, Vg We We We

77
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Net thrust per pound of engine-plus-exchanger weight Fn/WT. -
The value of Fp/Wp is found by dividing F, /wy by W/ v,
(equation (13)):

Fn Fn/wa
— = (14)
W WT;wé

Heat input. - The heat input to the ducted-fan cycle consists of the
sum of the heat added to the basic engine and the heat added to the duct.

Q= wy (hz' - hy') + wy (hy - hz) (15)

Dividing by w, and since Wg = Wg - Wg

Q _ _ Ve : . Ve
== ( — (hg' - hy') + v (b, - hg) (16)

Airplane Calculations

Up to this point in the analysis, the methods for obtaining engine
performance in terms of Fp/w,, F,/Wp, and Q/w, have been outlined.

In order to obtain airplane performance, values must be assigned for
L/D, Wg/Wg, and .
Gross weight Wg. - The gross weight of a nuclear-powered airplane

is determined by Wk, Wg/Wg, L/D, and F,/Wp as shown by the following
equation taken from reference 4:

W, = (17)
g WS 1
W, F

=
wp
This equation has been plotted (fig. 2) in convenient form for values
of WS/Wg equal to 0.35 and 0.25 and for a range of over-all airplane
L/D. The gross weight factor Wg/WK 1s determined directly from

Fn/WT and I/D by use of figure 2; Wg 1is then found by multiplying
Wg/WK by the desired value of Wg.

=
D

Air flow W,. - The total engine air flow required to fly the air-

plane is determined from Wg, L/D, and Fn/ﬁa by the following relation:

o
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Reactor Calculations %a
Reactor heat release Q. - The reactor heat release Q expressed

in Btu per second is obtained by multiplying Q,/wa (equation (16)) by
wa (equation (18)):

o 2

The @Q calculated in this manner includes only the heat required to
power the cycle; no losses or power to drive auxiliary equipment are
included.

Reactor maximum wall temperature Tp. - The temperature Tp is

obtained by adding the difference between the reactor wall and liquid-
metal temperature ATy and AT, (the difference between T, and

maximum liquid-metal temperature) to Ty.

Ty = T.. + AT, + AT (20)
m= Ly z y

T3

Temperature

Liquid metal
——— Actual wall
———— Effective wall

——ea— Air Tg'/

Reactor Basic-engine Duct
heat exchanger heat exchanger

Temperature
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A heat balance for the two heat exchangers and the reactor will give
the desired value of AT,; however, to simplify the calculations, AT, is
assumed to be 50° F for Q= 100,000 Btu per second and is directly propor-
tional to Q on the basis of the performance of the same type of heat
exchanger in the turbojet cycle of reference 4. The 50° F is conservatvie
inasmuch as it is based on total engine heat requirement rather than just
on the basic-engine heat requirement, which is only a part of the total
heat requirement. This assumption then gives the following relation for
ATZ:

50
A'I'Z = m Q = 0.00050 Q (21)

The following is the relation used to compute ATy:

AT

Q
y 1 (22)

4y 3 A,y

where from reference 10

0.8
k p, Vo, d ¢
Wy = =T o.025<Z LI P’7'>

dr k3

For lithium, ATy, is given by the following equation (using equation (22)
and data from reference 11):

ATy = 0.000035 Q (23)

Then referring to equations (20), (21), and (23)

Ty = Ty + 0.000535 Q

RESULTS AND DISCUSSION
Engine Performance

Two cases of ducted-fan operation are considered in the present
report. The first case considered assumes that Ty and T, are fixed

at 2270° and 2000° R, respectively. A value of 2000° R for Ty is
current operating practice and can be attained easily with Ty of 2270° R.
These temperatures lead to Ty corresponding to the best which can be
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expected with metallic materials. The Ty ', Tz', Mp' were varied together
with P,/P, and P,/P; to determine the conditions for best Fp/Wp. The
results of this case are presented in detail.

In order to determine engine performance at reduced Ty, the second
case 1s considered where Ty = T_'. The values of Tz', My', Pz/Py, and

P2/Pl which give maximum Fn/WT are then determined. The results of
these calculations are compared with the first set.

Optimum duct heat-exchanger inlet Mach number Ms'. - In figure 3,

Fn/WT is plotted as a function of MZ‘; T5' is held at 1100° R for both

parts of this figure. Figures 3(a) and 3(b) are for a flight altitude of
50,000 feet and My of 0.9 and 1.5, respectively. The basic engine is

operating with Ty = 2270 R, Tqg = 2000° R, and Mz = 0.15.

Several combinations of P2/Pl, P5/P2, and T,' are illustrated.

For Mg = 0.9 (fig. 3(a)), the optimum M,' dis about 0.24 or slightly

under, while for a flight Mach number of 1.5 (fig. 3(b)), the optimum
occurs around 0.24 or slightly higher. The curves indicate that thrust
per engine-plus-heat-exchanger weight is not very sensitive to duct-inlet
Mach number.

Optimum fan pressure ratio Pz/Pl' - In figures 4 to 11, Fn/WT and
Fn/wé are plotted as functions of P,/P; for various values of Tz',
Pz/P, of 1, 5, and 10, and T,' of 1600°, 1800°, 2000°, and 2200° R.
The basic engine is operating with T of 2270° R, T4 of 2000° R, and
Mz of 0.15. These figures show all the engine performance optimized
for My'.

In general, increasing the P3[P2 decreases the optimum PZ/Pl for
a given value of Ty ' and Tz'. In addition, it can be seen that there
is an optimum P3/P2 for a given value of TW' and TS" Furthermore,
there is an optimum Tz' for each .T,'. The optimum PZ/Pl’ P3/P2, and
Tz' obtained from these figures are presented later in the report.

Reactor heat release per pound of total air flow Q/wa and ratio
of basic-engine air flow to total air flow wg/wy. - Values of Q/wy

are shown as a function of Pp/P; and Tg' in figures 12 and 13 for
Mp of 0.9 and 1.5, respectively, and altitude of 50,000 feet. These

values correspond to the engine conditions in figures 4 to 11l. Values

of we/wa are shown in figures 14 and 15 for the same flight and engine

conditions as the previous figures.

LLSZ
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Optimum engine performance. - The optimum engine performance
obtained from figures 4 to 15 is presented in figures 16 and 17 for M
of 0.9 and 1.5, respectively. The maximum Fn/WT is plotted as a

function of T, ' in parts (a) of figures 16 and 17. The corresponding

values of Fp/wa and Qfwy are also shown in parts (a). Parts (b)
of figures 16 and 17 show the values of Tz', we/wa, P3/P2, and Pz/Pl

which give the maximum Fn/WT indicated in parts (a).

At My = 0.9, the Fp/Wp varies from about 0.52 to 0.62 as Ty’
varies from 1600° to 2200° R. The corresponding values of Fn/wa are
about 28 and 36, and of Q/wa, 162 and 237, respectively. The optimum
P3/P2 varies from about 6.7 to 6.6 and optimum Pz/Pl varies from
about 2.4 to 2.6. The optimum Tz' varies from about 1150 to 1600° R
as T,' varies from 1600 to 2200° R.

At My = 1.5, the optimum Fn/WT varies from 0.82 to 1.02 as Ty;'
varies from 1600 to 2200O R. The corresponding values of Fn/Wa are
23.4 and 26.3, and of Q/Wa, 153 and 203, respectively. The optimum
P3/P2 varies from about 5.9 to 6.9 and the optimum Pz/Pl varies
from 1.8 to 1.3. The optimum TS' varies from 1200 to 1400° R as

T,' varies from 1600° to 2200° R.

Effect of varying basic-engine heat-exchanger effective wall
temperature Ty. - Up to this point, T, has been fixed at 2270° R.

In order to determine the effect of lower T, on engine performance,

Tyy was assumed to be equal to T, ', which is varied from 1400 to 2200° R.

Figure 18 shows the results of these calculations compared with the case
where Ty is 2270° R. The maximum F,/Wp is plotted as a function of

Ty' for the two cases. The corresponding values of Fn/wa are also
shown. As expected at a Ty' of 2270° R, the dashed curve which
represents engine operation with TW = 2270° R crosses the solid curve
which represents operation with Ty = T.'.

At My of 0.9 for a Ty' of 1600° R, the Fp/Wp for the case of
Ty = T;' 1is 35 percent less than where T, = 2270° R. At My of
1.5, the F,/Wp is similarly 33 percent less.

Airplane Performance

Airplane performance is presented in terms of Wgs Q, and T, for

waximum Fn/WT (minimum Wé) for My of 0.9 and 1.5 and for an altitude
of 50,000 feet. Both cases of engine operation (Tw = 2270° R end T;, = Pt

e
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are considered. In the case of My of 1.5, two values of L/D (6 and 9)
are shown.

Gross weight Wg, reactor heat release Q, and reactor maximum wall

temperature Tp. - Figures 19 to 22 show Wg in pounds, as a function of
Q 1in Btu per second for WS/Wg of 0.25 and 0.35, for values of Wg of
100,000 to 200,000 pounds, for T.' of 1600°, 1800°, 2000°, and 2200° R,
and for My of 0.9 and 1.5. Figure 23 shows Tp as a function of Q
for a range of T from 1400° to 2270° R.

2577

In the case where T, = 2270° R (figs. 19 and 20), the gross
welght increases as Ty' 1is reduced, for a given value of Vg,
but Q decreases. The following table lists typical values of Wg,
Q, and T, found from figures 19, 20, and 23 for a value of Wyx
equal to 150,000 pounds.

MO L/ D Tw TW . WS fw g Wg Q Tm
(°R) | (°R) (1b) | (Btu/sec)

0.9 | 18 2270 | 1800 | 0.35 | 273,000 91,000 |2320

2270 | 1800 .25 | 231,000 77,100 |2310

1.5 6 2270 | 1800 .35 | 325,000 | 383,000 |2470

2270 | 1800 .25 267,000 | 308,000 |2435

For convenience, table I lists all of the optimum engine conditions
and the factors necessary to calculate Wg, Wgy and Q for any desired

value of Wy for T, of 2270° R, for Wg/Wy of 0.35 and 0.25, and for

several values of T'. Also shown is the fan frontal area per pound of

total air flow and the shell frontal area per pound of total air flow.
The shell frontal area is the sum of the basic-engine and duct heat~
exchanger frontal areas. The corresponding Ty can be found by use of
figure 23.

Figures 21 and 22 present the second case where Ty = T,' for
Mg of 0.9 and 1.5 and an altitude of 50,000 feet. The following
table lists typical values of Wg, Q, and Ty found from figures 21
to 23 for Wx equal to 150,000 pounds:
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Mg | L/D| Ty Ty' | Ws/Wg Wg Q P
(OR) (°R) (1) | (Btu/sec)| (°R)

0.9 | 18 | 1800 | 1800 | 0.35 288,000 | 106,000 | 1858

1800 | 1800 2D 241,000 89,600 | 1850
1.5 6 | 1800 | 1800 .35 367,000 | 517,000 | 2080

1800 | 1800 .25 292,000 | 413,000 | 2020

For convenience, table II lists all of the optimum engine conditions
and the factors necessary to calculate Wg and Q for any desired value
of Wxg for the case of T, =T, and WS/Wg = 0.35 and 0.25. As in

table I, the fan and shell frontal areas per pound of total air flow

are also shown. The corresponding T, can be found by use of figure 23.
Effect of altitude. - The effect of altitude on Wg/WK and Q/WK

for WS/Wg of 0.35, T,' of 1800° R, and Tw of 2270° R is shown in

figure 24 for flight Mach numbers of 0.9 and 1.5, respectively. The
optimum values of P,/Py, P3/P5, and Tz' found for an altitude of
50,000 feet are used for the range of altitudes shown. For My of 0.9,
Wg/WK and Q/WK are relatively constant from sea level to about 50,000
feet, above which they begin to increase rapidly. For a Mg of 1.5, the
same is true up to altitudes of 40,000 feet, above which wg/wK and
Q/WK begin to increase rapidly.

Comparison of turbojet cycle with ducted-fan cycle. - The liquid-metal
ducted-fan cycle is compared with the liquid-metal turbojet cycle from

reference 4 on the basis of minimum Wg and corresponding Q in figure 25.

For both cycles and for My of 0.9 and 1.5, WS/Wg is assumed to be 0.35
and W is assumed to be 150,000 pounds. The airplane L/D for the My
of 1.5 is assumed to be 6. In both cases, Wg and Q are plotted as a
function of Ty. The Wg of the ducted-fan installation appears to be

about equal to that of the turbojet installation; however, Q is about
10 percent higher than for the turbojet at My of 0.9 and about 20 percent

higher at My of 1.5. The scope of this present report does not include

off-design performance and so this possible advantage of the ducted fan is
not indicated by the design-point comparison made in figure 25.

E
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SUMMARY OF RESULTS

1. The following table lists the optimum engine conditions for the
ligquid-metal ducted-fan cyecle in the case where the basic-engine heat-
exchanger effective wall temperature is 2270° R and for two duct heat-
exchanger effective wall temperatures.

Flight| Lift Duct heat- Compressor Fan Duct-outlet| Net thrust Net thrust | Reactor heat
Mach | drag exchanger pressure | pressure air per engine-| per pound | release per
number | ratio | effective wall ratio ratio temperature| plus-heat- of total pound of
Mg L/D temperature P; /Py Py/Py T exchanger | air flow | total air
s (°R) weight Fn/vg flow
(°R) Fo/Wy Q/va,
0.9 13 1600 6.75 2.35 1150 0.524 28.0 162
2200 6.60 2.57 1590 .618 3557 237
1.5 6 1600 5.93 1.80 1195 .813 23.4 153
s 2200 6.85 1.29 1410 1.018 26.3 203

2. The following table lists the optimum engine conditions for the
liquid-metal ducted-fan cycle in the case where the basic-engine heat-
exchanger effective wall temperature is equal to the duct heat-exchanger
effective wall temperature.

Flight | Lift- | Basic engine Duct heat- Compressor Fan Duct-outlet | Net thrust | Net thrust | Reactor heat

Mach |drag |heat-exchanger exchanger pressure | pressure air per engine- | per pound | release per

number |ratio |effective wall |effective wall ratio ratio temperature | plus-heat- of total pound of

My I/D temperature temperature PS/PZ P2/Pl TS' exchanger air flow total air

Do e (°R) Fp/Wp Fo/vy £low
(°R) (°R) o/va

0.9 18 1800 1800 4.6 2:0 1260 0.4332 27.0 181

1.5 6 1800 1800 5.0 1.2 1260 .6942 19.7 166

3. The required gross weight, reactor heat release, and maximum
reactor wall temperature for flight Mach numbers of 0.9 and 1.5, an alti-
tude of 50,000 feet, the sum of the reactor shield, payload, and auxiliary
weight of 150,000 pounds, and a basic-engine and duct heat-exchanger
effective wall temperature of 1800° R are as follows:

LLSZ
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Flight | Lift- | Structure-to-| Gross weight | Reactor heat | Reactor maximum
Mach | drag |gross-weight Wg release wall temperature
number | ratio ratio (1) Q T
Mo L/D Wg/Wg (Btu/sec) (°R)
0.9 18 035 288,000 106, 600 1858
25 241,000 89,600 1850
s 6 <35 367,000 517,000 2080
ST 292,000 ‘ 413,000 2020

4. The effect of changing altitude on airplane gross weight and
reactor heat release is small from sea level to 50,000 feet and from sea
level to 40,000 feet for flight Mach numbers of 0.9 and 1.5, respectively.
Above these altitudes, both the gross weight and reactor heat release
increase rapidly.

5. The required design-point gross weight of the ducted-fan cycle
operating at 50,000 feet and flight Mach numbers of 0.9 and 1.5 is about
the same as the required gross weight of the turbojet cycle for the same
heat-exchanger effective wall temperature. The reactor heat release of
the ducted-fan cycle, however, is about 10 to 20 percent higher than for
the turbojet.

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio, June 12, 1952
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- Schematic diagram of the nuclear-powered liquid-metal ducted-fan cycle.
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Figure 2. - Airplane gross weight factor as a function of engine net thrust per engine-plus-heat-
exchanger weight and airplane lift-drag ratio.
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Fan pressure ratio, Po/P;

(a) Compressor pressure ratio, 1.

Figure 12. - Effect of fan pressure ratio and duct-outlet air temperature T3'
on required reactor heat release per pound of total air flow. Altitude,
50,000 feet; £flight Mach number, 0.9; any duct heat-exchanger inlet Mach num-
ber; basic-engine heat-exchanger effective wall temperature, 2270° R; turbine-

inlet temperature, 2000° R; any duct heat-exchanger effective wall temperature.
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Figure 12. - Continued.
perature Tz!

Fan pressure ratio, Pp/Py

(b) Compressor pressure ratio, 5.

51

Effect of fan pressure ratio and duct—ouplet air tem-
on required reactor heat release per pound of total air flow.

Altitude, 50,000 feet; flight Mach number, 0.9; any duct heat-exchanger inlet
Mach number; basic-engine heat-exchanger effective wall temperature, 2270° R;
turbine-inlet temperature, 2000° R; any duct heat-exchanger effective wall
temperature.
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(c) Compressor pressure ratio, 10.
Figure 12. - Concluded. Effect of fan pressure ratio and duct-outlet air tem-
perature Tz' on required reactor heat release per pound of total air flow.
Altitude, 50,000 feet; flight Mach number, 0.9; any duct heat-exchanger inlet

Mach number; basic-engine heat-exchanger effective wall temperature, 2270° R3
turbine-inlet temperature, 2000° R; any duct heat-exchanger effective wall
temperature.
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(a) Compressor pressure ratio, 1.
Figure 13. - Effect of fan pressure ratio and duct-outlet air temperature Tz!

on required reactor heat release per pound of total air. flow. Altitude,

50,000 feet; flight Mach number, 1.5; any duct heat-exchanger inlet Mach num-
ber; basic-engine heat-exchanger effective wall temperature, 2270° R; turbine-
inlet temperature, 2000° R; any duct heat-exchanger effective wall temperature.
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Fan pressure ratio, P,/P,
(b) Compressor pressure ratio, 5.
Figure 13. - Continued. Effect of fan pressure ratio and duct-outlet air tem-

perature Tz' on required reactor heat release per pound of total air flow.
Altitude, 50,000 feet; flight Mach number, 1.5; any duct heat-exchanger inlet
Mach number; basic-engine heat-exchanger effective wall temperature, 2270° R;
turbine-inlet temperature, 2000° R; any duct heat-exchanger effective wall
temperature.
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Figure 13. - Concluded

. Effect of fan pressure ratio and duct-outlet air tem-

perature T3‘ on required reactor heat release per pound of total air flow.

Altitude, 50,000 feet; flight Mach number, 1.5; any duct heat-exchanger inlet
Mach number; basic-engine heat-exchanger effective wall temperature, 2270° R;
turbine-inlet temperature, 2000° R; any duct heat-exchanger effective wall

temperature.
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Fan pressure ratio, PZ/Pl

(a) Compressor pressure ratio, 1.

Figure 14. - Effect of fan pressure ratio on ratio of basic-engine air flow to
total air flow. Altitude, 50,000 feet; flight Mach number, 0.9; any duct
heat-exchanger inlet Mach number; any duct-outlet air temperature; basic-
engine heat-exchanger effective wall temperature, 2270° R; turbine-inlet
temperature, 2000° R; any duct heat-exchanger effective wall temperature.
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Fan pressure ratio, Pp/P;

(v) Compressor pressure ratio, 5.

Figure 14. - Continued. Effect of fan pressure ratio on ratio of basic-engine
air flow to total air flow. Altitude, 50,000 feet; flight Mach number, 0.9;
any duct heat-exchanger inlet Mach number; any duct-outlet air temperature;
basic-engine heat-exchanger effective wall temperature, 2270° R; turbine-inlet
temperature, 2000° R; any duct heat-exchanger effective wall temperature.
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Fan pressure ratio, Pp/P;

(¢) Compressor pressure ratio, 10.

Figure 14. - Concluded. Effect of fan pressure ratio on ratio of basic-engine air
flow to total air flow. Altitude, 50,000 feet; flight Mach number, 0.9; any duct
heat-exchanger inlet Mach number; any duct-outlet air temperature; basic-engine
heat-exchanger effective wall temperature, 2270° R; turbine-inlet temperature,
2000° R; any duct heat-exchanger effective wall temperature,
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Ratio of basic-engine air flow to
total air flow, wg/vy

1 2 3 4 5]
Fan pressure ratio, PZ/Pl

(a) Compressor pressure ratio, 1.

Figure 15. - Effect of fan pressure ratio on ratio of basic engine air flow to
total air flow. Altitude, 50,000 feet; flight Mach number, 1.5; any duct
heat-exchanger inlet Mach number; any duct-outlet air temperature; basic-
engine heat exchanger effective wall temperature, 2270° R; turbine-inlet
temperature, 2000° R; any duct heat-exchanger effective wall temperature.
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Fan pressure ratio, Po/Pq

(b) Compressor pressure ratio, 5.

Figure 15. - Continued. Effect of fan pressure ratio on ratio of basic-engine
air flow to total air flow. Altitude, 50,000 feet; flight Mach number, 1.5;
any duct heat-exchanger inlet Mach number; any duct-outlet air temperature;
2270° R; turbine-inlet temperature, 2000° R; any duct heat-exchanger effective
wall temperature.
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Ratio of basic-engine air flow to
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Fan pressure ratio, PZ/Pl

(c) Compressor pressure ratio, 10.

Figure 15. - Concluded. Effect of fan pressure ratio on ratio of basice-engine
air flow to total air flow. Altitude, 50,000 feet; flight Mach number, 1.5;
any duct heat-exchanger inlet Mach number; any duct-outlet air temperature;
2270° R; turbine-inlet temperature, 2000° R; any duct heat-exchanger effective

wall temperature.
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Reactor heat release, Q, Btu/sec

(b) Structure-to-gross-weight ratio, 0.35.

Figure 20. - Airplane gross welght and reactor heat release as a functior
of duct heat-exchanger wall temperature Ty' and reactor-plus-shield-

plus-payload-plus-auxiliary weight Wyg. Altlitude, 50,000 feet; flight

Mach number, 1 5; basic-engine heat-exchanger effective wall tem-
perature, 2270° R turbine-inlet temperature, 2000° R; optimum duct
heat-exchanger inlet Mach number; optimum compressor pressure ratio;
optimum fan pressure ratio; optimum duct-outlet alr temperature.
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(2) Structure-to-gross-weight ratio, 0.25.

Figure 21. - Airplane gross weight and reactor heat release at reduced basic-engine
heat-exchanger effective wall temperature Ty. Altitude, 50,000 feet; flight
Mach number, 0.9; airplane lift-drag ratio, 18; optimum duct heat-exchanger inlet
Mach number; optimum compressor pressure ratio; optimum fan pressure ratio;
optimum duct-outlet air temperature.
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Figure 21. - Concluded. Airplane gross weight and reactor heat release at reduced basic-engine
heat-exchanger effective wall temperature T_,. Altitude, 50,000 feet; flight Mach num-

ber, 0.9; airplane lift-drag ratio, 18; optimum duct -heat-exchenger inlet Mach number;
optimum compressor pressure ratio; optimum fan pressure ratio; optimum duct-outlet air
temperature. ’
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(a) Structure-to-gross-weight ratio, 0.25; lift-drag ratio, 9.

Figure 22. - Airplane gross weight and reactor heat release at reduced basic-

engine heat-exchanger effective wall temperature T, .

flight Mach number, 1.5; optimum duct heat-exchanger inlet Mach number;
optimum compressor pressure ratio; optimum fan pressure ratio; optimum duct-
outlet air temperature. ’

Altitude, 50,000 feet;
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(b) Structure-to-gross-weight ratio, 0.35; lift-drag ratio, 9.

Figure 22. - Continued. Airplane gross weight and reactor heat release at reduced
basic-engine heat-exchanger wall temperature T,. Altitude, 50,000 feet; flight
Mach number, 1.5; optimum duct heat-exchanger inlet Mach number; optimum com-
pressor pressure ratio; optimum fan pressure ratio; optimum duct-outlet air
temperature.
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(d) Structure-to-gross-weight ratio, 0.35; lift-drag ratio, 6
Figure 22. - Concluded. Airplane gross weight and reactor heat release at reduced basic-engine
heat-exchanger effective wall temperature T,. Altitude, 50,000 feet; flight Mach number, 1.5;

optimum duct heat-exchanger inlet Mach number; optimum compressor pressure ratio; optimum
fan pressure ratio; optimum duct-outlet air temperature.
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Figure 23. - Reactor maximum wall temperatures as a function of basic-engine

heat-exchanger effective wall temperature T, and reactor heat release.
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Reactor heat release per reactor-plus-shield-
plus-payload-plus-auxiliary weight, Q/wk
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(a) Flight Mach number, 0.9; lift-drag ratio, 18.

Figure 24. - Effect of altitude on airplane gross weight and reactor heat release
per reactor-plus-shield-plus-payload-plus-auxiliary weight. Structure-to-gross-
weight ratio, 0.35; basic-engine heat-exchanger effective wall temperature,
2270° R; turbine-inlet temperature, 2000° R; duct heat-exchanger wall temper-
ature, 1800° R; optimum duct heat-exchanger inlet Mach number; optimum compressor
pressure ratio; optimum fan pressure ratio; optimum duct-outlet air temperature.
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Figure 24. - Concluded. Effect of altitude on airplane gross weight and reactor
heat release per reactor-plus-shield-plus-payload-plus-auxiliary weight.
Structure-to-gross-weight ratio, 0.35; basic-engine heat-exchanger effective
wall temperature, 2270° R; turbine-inlet temperature, 2000° R; duct heat-
exchanger wall temperature, 1800° R; optimum duct heat-exchanger inlet Mach
number; optimum compressor pressure ratio; optimum fan pressure ratioj
optimum duct-outlet air temperature.
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Figure 25. - Comparison of liquid-metal ducted-fan cycle with turbojet cycle.
Structure-to-gross-weight ratio, 0.35; reactor-plus-shield-plus-payload-plus-
auxiliary weight, 150,000 pounds; basic-engine and duct heat-exchanger effective
wall temperature, 1800° R; optimum heat-exchanger inlet Mach numbers; optimum
compressor pressure ratios; optimum fan pressure ratio; optimum duct-outlet

air temperature.
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